Abstract Ensemble regional model simulations over the central US with 30-km resolution are analyzed to investigate the physical processes of projected precipitation changes in the mid-twenty-first century under greenhouse gas forcing. An atmospheric moisture balance is constructed, and changes in the diurnal cycle are evaluated.
Introduction
This paper follows Patricola and Cook (2012; hereafter PCI) , who presented projections of climate change for the central US at 30-km resolution using a regional climate model forced with increased atmospheric CO 2 and boundary condition anomalies derived from coupled GCM simulations of the Fourth Assessment Report of the Intergovernmental Panel on Climate Change (IPCC AR4). As reviewed below, PCI report projected changes in climatological and extreme rainfall, and evaluated confidence in those projections through ensemble methodology and comparison with other regional and global model simulations. The purpose of this paper is to understand the predicted changes in physical processes associated with the central US precipitation changes to add to the evaluation of confidence in the projections.
A focus of the analysis is on changes in the Great Plains low-level jet (GPLLJ) . This feature provides a physical connection between space scales, and can help relate changes in the large-scale circulation, such as those caused by global-scale greenhouse gas forcing, and regional rainfall. For example, if we can understand how changes in the GPLLJ are related to large-scale climate change, and also how precipitation changes are related to changes in the GPLLJ, then we can attribute changes in rainfall to greenhouse gas forcing.
The following section reviews PCI and provides background on the GPLLJ and its relationship to central US precipitation and the large-scale circulation. Relationships between SSTs and precipitation, the role of land-atmosphere feedbacks in prolonging drought over the central US, and the climatology and variability of the present day hydrological cycle are also reviewed. Section 3 explains the analysis methods used. PCI validate the model simulations, and additional validation in support of the analysis here is included in Sect. 4. The climate change processes that lead to simulated changes in central US rainfall are discussed in Sect. 5, and Sect. 6 contains conclusions.
Background
PCI project changes in central US rainfall regimes for the mid-twenty-first century under greenhouse gas forcing including wetter conditions in the spring and drying in the summer. These changes in seasonal rainfall are accompanied by changes in extreme precipitation events. A greater potential for flooding is suggested by simulated changes in rainfall rates. Confidence in these projections was bolstered by general agreement with the dynamically-downscaled 50-km regional model simulations of the North American Regional Climate Change Assessment Program (NAR-CAPP) and with 200-km AOGCM simulations prepared for the IPCC AR4. Further evaluation and attribution of the simulated changes in this paper focuses on the processes of climate change, including associations with the GPLLJ and the North Atlantic subtropical high (NASH).
The climatological GPLLJ is a meridional jet that traverses the central US east of the Rocky Mountain topography with a core at about 100°W and 900-850 hPa (Bonner 1968) . It is a prominent source of moisture in spring and summer, transporting moisture from the Gulf of Mexico to the interior of the central US. The GPLLJ is strongest in summer and, like precipitation, has a strong diurnal cycle that peaks around 0300 LT. While the jet is well-formed in monthly, coarse-resolution climatologies, in reality it is composed of discrete events that do not necessarily occur daily (e.g., Wu and Raman 1998) , with observed non-negligible moisture and momentum transports on small space scales (Tollerud et al. 2008) .
Experiments with an AGCM and linear and nonlinear stationary wave models suggest that the climatological GPLLJ is primarily maintained by transient vorticity forcing due to the modification of transient eddies by topography, specifically the interactions of the easterly wind along the southern edge of the NASH with the Sierra Oriental (Ting and Wang 2006) . The nocturnal maximum in the GPLLJ is produced by the diurnal oscillation of the pressure gradient force and vertical diffusion, as suggested by AGCM simulations (Jiang et al. 2007 ). This mechanism of the diurnal oscillation of vertical diffusion was proposed by Blackadar (1957) and is initiated by the abrupt reduction of friction at sunset. Holton (1967) theorized the importance of the diurnal oscillation of the pressure gradient force, which is caused by differential heating and cooling over the topography. Maximum afternoon heating over the topography induces easterly winds on the eastern side of the mountain and, due to the inertial oscillation, the flow curves to the north with a maximum southerly wind speed at midnight.
Since the GPLLJ transports large amounts of moisture into the central US, it plays an important role in generating that region's warm season rainfall. The association between jet strength and extreme precipitation events is well known. The Great Plains flood of 1993 and drought of 1988 related strongly to variations in GPLLJ strength and associated moisture transport and convergence (Weaver et al. 2009a ). Enhanced moisture transport by the GPLLJ is also found to support composites of observed wet events (Mo et al. 1997) . Cook et al. (2008b) examine predicted changes in the GPLLJ in AOGCMs that were run for the IPCC AR4. Nearly all of a subset of 11 models predict an increase in the GPLLJ strength during April-June, which is related to a strengthening and westward expansion of the NASH that is associated with greater warming over the continental US compared to the subtropical Atlantic Ocean. The importance of zonal land/sea temperature gradients in modifying the strength of the GPLLJ is supported by idealized GCM experiments that produce a stronger GPLLJ and enhanced Great Plains rainfall as a result of cool Atlantic SSTAs (Weaver et al. 2009b ).
The North Atlantic Oscillation (NAO), which is a measure of a shift in atmospheric mass between the NASH and Icelandic low, also contributes to present day variability in warm season central US precipitation. Conditions during the warm season in the upper (lower) Midwest tend to be drier (wetter) during the positive phase of the NAO, which is characterized by a strong NASH and Icelandic low (Weaver and Nigam 2008) . This may be related to North Atlantic SSTs, as Paeth et al. (2003) Trenberth et al. (1988) and Trenberth and Branstator (1992) linked the onset of the central US drought of 1988 to SSTAs in the tropical Pacific, which forced a shift in the intertropical convergence zone, producing atmospheric heating anomalies that supported the anomalous North American circulation that initiated the drought. The drought conditions of the 1930s dust bowl are linked strongly to Atlantic SSTAs and, to a lesser extent, Pacific SSTAs in an observational analysis (Nigam et al. 2011) , and are also attributed to both cool tropical Pacific and warm tropical Atlantic SSTAs on the decadal time scale through AGCM simulations, although there is a southward bias in the location of the simulated drought (Schubert et al. 2004; Seager et al. 2008) . Cook et al. (2008a) find that with SST forcing alone, model simulations are unable to reproduce the intensity and spatial pattern of the 1930s drought, but that accounting for increased dust aerosol loading enhances the modeled severity of the drought and improves the location. Economic and development issues also contributed to the drought of the dust bowl era (Egan 2006) , so SST forcing in models cannot be expected to capture the full signal.
Atmospheric variability may also play a significant role in US drought. Hoerling et al. (2009) find that drought over the southern Great Plains is related to SSTs, especially strong La Niña, while drought over the northern Great Plains is less sensitive to SSTs and may be more attributable to random atmospheric variability. Combined global and regional modeling suggests that different physical processes contributed to the onset, maintenance, and termination of the Oklahoma-Texas drought of 1998. Hong and Kalnay (2000) suggest that SSTAs most strongly contributed to the early rainfall deficit, with secondary contributions from the atmospheric conditions associated with the decaying warm El Niño event, while a strong land-atmosphere feedback prolonged the drought through decreased soil moisture and evaporation.
Many other studies find that drought conditions are sustained and intensified by land-atmosphere interactions. Wu and Kinter (2009) attribute positive land-atmosphere feedbacks through soil moisture and precipitation to extending the persistence of drought, and Schubert et al. (2004) find that land-surface interactions enhanced the severity of the 1930s drought. AGCMs simulate strong land-atmosphere coupling over the central Great Plains region , although the models demonstrate a large spread and many have biased surface fluxes, leading to a questionable representation of land-atmosphere feedbacks (Dirmeyer et al. 2006 ). Regional climate model simulations can also produce strong land-atmosphere feedbacks, with coupling (through soil moisture and convective rainfall) dominating summer precipitation variability over the northern, but not southern, Great Plains (Zhang et al. 2008) .
There is evidence that the role of soil moisture and evaporation in supporting precipitation anomalies depends on soil wetness. AGCM simulations suggest that long-term wet conditions in the Great Plains are more predictable than droughts due to a dependence of the strength of landatmosphere coupling on soil conditions, such that dry soil conditions increase the strength of coupling (Schubert et al. 2007 ). This dependence on soil moisture is also supported by observations, which demonstrate that evaporation supplied 41 % of the rainfall over the Mississippi River basin during the drought of April-July of 1988, but only 33 % during the flood of April-July of 1993 (Dirmeyer and Brubaker 1999) . In addition, at the maximum of the flood in July of 1993, water recycling was reduced and moisture transport from the Gulf of Mexico was increased, while at the peak of the 1988 drought in June, water recycling was at a maximum.
Comparison of observations/reanalysis and model simulations suggests there may be too much precipitation recycling in models. Observations and reanalysis indicate that changes in moisture flux convergence are of primary importance in generating precipitation variability over the Great Plains (Roads et al. 1994 ). This finding is consistent in the 40-year European Centre for Medium-Range Weather Forecasts (ECMWF) Re-Analysis (ERA-40), however, in the National Centers for Environmental Prediction (NCEP) reanalysis and model simulations, evaporation contributes to more than half the precipitation anomalies (Ruiz-Barradas and Nigam 2005) .
In the climatology, moisture flux convergence is generally a more minor component of the water balance. Observed/reanalyzed, evaporation (*5 mm/day) is greater than precipitation (*4 mm/day) and moisture flux convergence is weakly (up to 2 mm/day) negative over the Midwest (37°N-42°N, 94°W-80°W), whereas positive moisture flux convergence contributes up to 3 mm/day over the Great Plains (37°N-48°N, 103°W-94°W; Roads et al. 1994) . Similarly, evaporation exceeds precipitation, and moisture flux convergence is relatively weakly negative over the Great Plains (35°N-45°N, 100°W-90°W ) in the summer climatology of three reanalyses (Nigam and Ruiz-Barradas 2006) , namely, the NCEP, ERA-40, and North American Regional Reanalysis (NARR). Nigam and Ruiz-Barradas (2006) point out that the ERA-40 and NARR have considerable water budget imbalances of 1.5 and 2.5 mm/day, respectively, which are largest in late spring through early summer and pose a challenge in understanding hydroclimate. (IPCC 2000) to the reanalysis, and greenhouse gas concentrations for M21C are based on the SRESA2 scenario as well. For details about the model parameters and simulation design, please refer to Section 3 in PCI.
To better understand the connections between future precipitation and circulation changes, a moisture budget analysis similar to that derived in Lenters and Cook (1995) is presented in Sect. 5. The moisture budget is expressed as
and includes contributions to precipitation (P) from evaporation (E), vertically-integrated stationary moisture convergence (C) and advection (A), moisture convergence due to transient eddies (TC), moisture advection due to transient eddies (TA), and the residual (R), which includes topographic effects and numerical error. The contribution from the vertically-integrated stationary moisture convergence, hereafter referred to as ''stationary moisture convergence'' is
where g is the acceleration due to gravity, q w is the density of water, p is pressure, " p s is the monthly-averaged surface pressure, " q is the monthly-averaged water vapor mixing ratio, "
V is the monthly-averaged horizontal wind vector, and r h is the horizontal divergence operator. Note that, as pointed out by Lenters and Cook (1995) , the ''moisture convergence'' term refers to the vertically-integrated product of the mixing ratio and the wind convergence.
The vertically-integrated stationary moisture advection, hereafter referred to as the ''stationary moisture advection'' is
The vertically-integrated moisture convergence due to transient eddies is
where V 0 is the perturbation horizontal wind vector defined as V 0 ¼ V À " V and q 0 is the perturbation water vapor mixing ratio defined as q 0 ¼ q À " q. The verticallyintegrated moisture advection due to transient eddies is
In addition to the moisture budget analysis, we analyze changes in low-level (surface to 750 hPa) mass-weighted vertically integrated moisture transport, hereafter referred to as ''low-level moisture transport'' and expressed as 1 g
Model validation
In addition to the more general model validation in PCI, the GPLLJ and NASH are validated here since these circulation features are important in understanding the central US precipitation predictions. We use the NARR (Mesinger et al. 2006) to validate the GPLLJ since its 32 km horizontal resolution is much finer than that of the 2.5°NCEP-II reanalysis. However, the NARR does not cover the entire parent domain of the RCM simulation, so the NCEP-II is used to validate the NASH. The regional model reproduces the characteristics of the GPLLJ and its seasonal cycle exceptionally well. Figure 1 shows a vertical cross section of the 1981-2000 climatological monthly meridional wind averaged 28°N-32°N from the NARR (Fig. 1a-d ) and the nested domain of L20C (Fig. 1e-h ) from May through August. The reanalyzed core of the GPLLJ is located between 103°W-95°W and 950-850 hPa and reaches a maximum of 6.5 m/s in June and July. The RCM captures the seasonal cycle of the GPLLJ well, with a stronger (*1 m/s) jet peaking in June and July at 7.5 m/s. In addition, the RCM simulates the alignment of the GPLLJ along the topography, which is often not captured in GCM simulations with coarser horizontal resolution (e.g., Fig. 2 of Cook et al. 2008b) , and places the core location realistically, but slightly lower.
In addition to realistically representing the seasonal variation of the GPLLJ, the L20C simulation captures the diurnal cycle. Figure 2 plots the meridional and horizontal wind at 925 hPa at 3-h intervals averaged in June from the NARR. The meridional wind is positive throughout the day, but is markedly stronger from 0000 to 0600 LT (Fig. 2c-e) . Figure 3 is similar to Fig. 2 , but for the L20C simulation. The modeled GPLLJ diurnal cycle is similar to that of the reanalysis. The magnitude of the meridional wind is comparable between L20C and the NARR, with L20C producing a nighttime maximum that is stronger by about 2 m/s. The RCM also reproduces the location of the core over eastern Texas.
Geopotential heights and winds at 925 hPa are shown in Fig. 4 averaged March/April, May/June, July/August, and September/October of 1981-2000 from the NCEP-II reanalysis and the 90 km domain of L20C. The RCM reproduces the strength, position, and seasonal cycle of the NASH, and captures its peak at about 875 gpm in July/August. L20C also simulates the southern extent of the Icelandic Low, with a deeper, more organized center in March/April and September/October than during the summer months. In addition, the simulated features of the NASH and Icelandic Low compare well with the reanalysis during individual years (not shown).
The regional model realistically simulates the GPLLJ and NASH and, as shown in PCI, also produces a reasonable seasonal cycle, diurnal cycle and interannual variability in precipitation over the central US. 
Climate change processes
A moisture budget analysis, described in Sect. 3, is used to understand the relationships between the regional precipitation projections reported in PCI and large-scale circulation changes. A further understanding of the physical processes responsible for the precipitation changes is gained by considering the diurnal nature of the rainfall projections. This analysis focuses on the northern Great Plains, southern Great Plains, and Midwest regions (defined in PCI, Fig. 4 ). Figure 5 shows changes (M21C-L20C) in April precipitation, total (sum of stationary and transient eddy) moisture convergence, stationary moisture convergence, moisture convergence due to transient eddies, evaporation, total moisture advection, stationary moisture advection, and moisture advection due to transient eddy activity, respectively. The residual is not shown since it is relatively small except over the border of Texas and Mexico. As presented in PCI, the future precipitation changes during April (Fig. 5a ) are positive over the northern Great Plains centered over Iowa. This is related to positive changes in moisture convergence (Fig. 5b) , due primarily to transient eddy activity (Fig. 5d) . The precipitation changes occur most strongly at 1800 LT and are near-zero at 0300 LT (not shown), indicating that they are related to enhanced daytime convection, and not to nocturnal low-level jet activity. Since increases in the stationary advection (Fig. 5g) are balanced by decreases in the moisture advection due to transients (Fig. 5h) over much of the central US, the role of changes in total moisture advection ( Fig. 5f) is minimal compared to changes moisture convergence. Changes in evaporation (Fig. 5e ) also provide a negligible contribution over the central US in April.
Future changes in the moisture budget in May (not shown) are similar to those in April. Wetter conditions over the northern Great Plains are related to changes in stationary and transient moisture convergence, with evaporation playing a minimal role and changes in stationary and transient moisture advection approximately balancing. The positive rainfall changes peak at 2100 LT over the northern Great Plains suggesting, similar to April, a minimal contribution of nocturnal rainfall processes. Fig. 2 The June meridional (shaded; m/s) and horizontal (vectors; m/s) wind climatology at 925 hPa at a 1800, b 2100, c 0000, d 0300, e 0600, f 0900, g 1200, h and 1500 LT from the NARR While the climate response is similar in April and May, different physical processes support rainfall changes in June. Figure 6 shows the future changes in the moisture budget in June. As in April and May, changes in evaporation (Fig. 6e) play a negligible role. Over the northern Great Plains, wetter conditions (Fig. 6a) are supported primarily by positive changes in stationary moisture convergence (Fig. 6c) . This moisture convergence change is dominated (weakened) by positive meridional (negative zonal) convergence changes (not shown). Total moisture advection changes (Fig. 6f) are weak as the stationary (Fig. 6g) and transient (Fig. 6h) terms again approximately balance.
Over the Midwest, negative precipitation projections are related to negative changes in both the stationary moisture convergence (Fig. 6c) , which is dominated by the zonal component and opposed by the meridional component (not shown), as well as the moisture convergence due to transient eddies (Fig. 6d) . Total moisture advection changes (Fig. 6f) are also important, as positive moisture advection changes due to transient eddy activity (Fig. 6h) oppose the negative moisture convergence changes.
Analyzing changes in the diurnal cycle enables a more complete understanding of the connection between the precipitation and circulation changes. The 3-hourly precipitation changes in June over the northern Great Plains and the Midwest are shown in Fig. 7 . Changes in the diurnal cycle are strong over the northern Great Plains, with maximum precipitation increases of 0.3 mm/day occurring from 0000 to 0600 LT and a minimum of no change at 1200 LT, suggesting that changes in the nocturnal GPLLJ are supporting the future rainfall changes. Over the Midwest, drying peaks at over -0.5 mm/day at 0000 LT and 1500 LT, suggesting both a connection with the GPLLJ as well as a contribution from suppressed daytime convection.
By investigating the connection between the changes in moisture convergence and low-level wind convergence, the role of the GPLLJ in supporting the future rainfall in June becomes clearer. The pattern of vertically-integrated lowlevel (surface-775 hPa) atmospheric convergence changes in June (not shown) resembles that of the changes in vertically-integrated stationary moisture convergence (Fig. 6c) , indicating that the spatial pattern of the moisture convergence change is dominated by changes in the wind field, not by changes in atmospheric moisture. In addition, the changes in 3-hourly low-level atmospheric convergence have a diurnal cycle that matches the changes in the diurnal precipitation, with the strongest convergence occurring between 0000 and 0600 LT over the northern Great Plains, further supporting a connection between the rainfall changes and the GPLLJ. Topography is shaded white in the RCM simulation; data is interpolated through the topography in the reanalysis Figure 8a displays future changes (M21C-L20C) in meridional and horizontal wind at 925 hPa in June averaged 0000-0600 LT. In the mid-twenty-first century the nocturnal GPLLJ is strengthened, especially north of the core in the jet exit region. Since the geostrophic wind is nondivergent, we remove the geostrophic component to identify the changes in the full wind field that contribute to the convergence. Figure 8b , c show the ageostrophic meridional and horizontal wind at 925 hPa in June averaged 0000-0600 LT from L20C and the future changes (M21C-L20C), respectively. Like the full wind (Figs. 2,  3) , the ageostrophic wind demonstrates a significant diurnal cycle. In June of L20C the ageostrophic component of the GPLLJ peaks between 0000 and 0600 LT (Fig. 8b) . In the hours before and after the peak of the GPLLJ, the meridional ageostrophic wind is still southerly, but weaker, and at 1200-1500 LT is northerly (not shown) in L20C.
Compared with the full wind changes (Fig. 8a) , the ageostrophic wind changes at 0000-0600 LT in June (Fig. 9c) are similar in pattern but weaker in magnitude, with a stronger southerly ageostrophic wind reaching as far north as Iowa. These changes in the meridional ageostrophic wind at 0000-0600 LT contribute significantly to the increased stationary moisture convergence (Fig. 6c ) that is associated with enhanced precipitation in the northern Great Plains in the future (Fig. 6a) . The full and ageostrophic wind changes at 0000-0600 LT in June are more zonally oriented over the Midwest (Fig. 8a, c) and contribute to the negative stationary moisture convergence changes (Fig. 8c) that support future precipitation decreases there.
The strengthening of the GPLLJ in June is concurrent with a strengthening and westward extension of the NASH over the eastern US (Fig. 9a) that is remarkably similar to AOGCM projections (Cook et al. 2008b, Fig. 6 ) and has been observed on decadal time scales in the summer, presumably in association with global warming (Li et al. 2011) . Also as in the AOGCM projections (Cook et al. 2008b , Fig. 8 ), the future land-surface temperature over the continental US warms more than the SST in the North Atlantic (Fig. 9b) . These projected changes in the GPLLJ, NASH, and land/sea temperature gradient in June are consistent with the relationships simulated in the idealized GCM experiments of Weaver et al. (2009b) .
The enhanced anticyclonic circulation from the westward expansion of the NASH places stronger southerly low-level wind over the central US, which enhances moisture transport to the Great Plains and Midwest from the Gulf of Mexico. Positive changes in the total future low-level (surface to 750 hPa) moisture transport (Fig. 9c) are due primarily to meridional transport increases (Fig. 9d) over the southern Great Plains, which are supported by both increases in low-level water vapor (Fig. 9f ) and stronger meridional wind at 925 hPa (Fig. 9g) . Over the Midwest, the total moisture transport is dominated by the zonal component (Fig. 9e ) and is supported largely by the strengthened zonal flow (Fig. 9h) as the enhanced GPLLJ curves to the east, as well as by water vapor increases. By identifying the connection of changes in the moisture transport to the GPLLJ, which is related to the NASH, which is modulated by land/sea contrast, we are able to link regional-scale projections to large-scale changes that are related to greenhouse gas induced warming. It is encouraging that the simulated precipitation changes, which are based on parameterizations rather than physical equations, are consistent with the circulation changes. This, along with the agreement among the RCM and AOGCM rainfall and circulation projections, adds to the confidence in the predictions. While the precipitation projections in June are primarily associated with moisture convergence changes, advection changes are increasingly important in July. Future changes in the moisture budget in July are shown in Fig. 10 . Precipitation projections are negative over the northern and southern Great Plains and Midwest (Fig. 10a) . Over the southern Great Plains the negative precipitation response is dominated by negative stationary moisture convergence changes (Fig. 10c) and is weakened by positive stationary (Fig. 10g ) and transient (Fig. 10h ) moisture advection changes, while negative changes in moisture convergence due to transient eddies (Fig. 10d) are most important over the northern Great Plains. The rainfall deficit is strongest at 1800 LT (1500 LT) over the southern (northern) Great Plains, suggesting the importance of reduced daytime convection, with a secondary minimum at 0900 LT (0300-0600 LT). Over the Midwest future drying is mainly related to negative moisture convergence changes, with little contribution from changes in advection, and occur most strongly at 0000 LT. Figure 11 shows the future change in precipitation, evaporation, moisture convergence due to transient eddies, and the sum of the stationary and transient moisture convergence and advection and the residual, in August. As in July, the future drying over the northern Great Plains is supported by negative changes in moisture convergence due to transients (Fig. 11c) , but unlike the previous months, decreased evaporation (Fig. 11b) also largely supports the drying. When considering all moisture budget terms combined except for evaporation (Fig. 11d) , the change over the northern Great Plains is weakly positive, indicating that the drying contribution due to the negative changes in transient moisture convergence is compensated by the other dynamical terms. The importance of changes in evaporation in the late summer suggests that, similar to the present day mechanism for prolonging and intensifying droughts (e.g., Hong and Kalnay 2000; Schubert et al. 2004; Wu and Kinter 2009) , the soil moisture has provided a memory of the drying from the previous month, which was initiated by negative changes in moisture convergence due to transients. Since precipitation minus evaporation is negative in July and August in L20C (and in present day observations), the projected rainfall deficit in July desiccates the ground and results in a further decreased soil moisture supply in August. A similar breakdown of the moisture budget in the following month suggests that this mechanism prolongs the drying through September.
Conclusions
A regional model with 30-km resolution over the central US is validated and used to project changes in US precipitation for the mid-twenty-first century in Patricola and Cook (2012; PCI) . Here, the 20-year ensemble simulations representing the late twentieth century and mid-twenty-first century are further analyzed to reveal the physical processes of those projections to add to the evaluation of confidence in the projections.
An atmospheric moisture budget analysis is used to relate future changes in precipitation to changes in evaporation, atmospheric water vapor, and circulation fields to connect the regional-scale precipitation changes to the global greenhouse-forcing. Since central US precipitation has maxima related to afternoon convection and nocturnal low-level jet events, an examination of the diurnal rainfall cycle provides additional information about the physical processes of the simulated regional precipitation projections.
The projected central US precipitation changes are related to different physical processes during the spring and summer. In April and May, positive rainfall projections occur most strongly in the afternoon and evening hours and are supported largely by positive changes in moisture convergence due to transient eddies, indicating enhanced daytime convection. Such enhanced convection could be the result of warming of the surface air, associated directly or indirectly with local greenhouse gas forcing.
During June, increased rainfall over the northern Great Plains is strongest from 0000 to 0600 LT and is supported by positive changes in stationary meridional moisture convergence related to a strengthening of the GPLLJ, especially in the jet exit region. This response is accompanied by an intensification of the western portion of the NASH, related to the greenhouse gas forcing through Atlantic SSTAs and, in particular, the differential low-level warming over continental and ocean surfaces. By linking the regional-scale changes in precipitation and the GPLLJ to large-scale changes in the NASH and surface temperature induced by greenhouse gas warming, we identify precipitation and circulation changes consistent with our understanding of present-day climate variability. This, and the agreement in rainfall and circulation projections between the RCM and AOGCMs (Cook et al. 2008b) , adds confidence to the predictions.
Over the Midwest, decreased rainfall in June is strongest at 1500 LT and 0000 LT and is supported by negative changes in both moisture convergence due to transient eddies and zonal stationary convergence, indicating the importance of both suppressed daytime convection as well as changes in the zonal flow in the GPLLJ exit region.
Future drying over the northern Great Plains is initiated in July by weakened daytime convection, as suggested by the significant contribution from negative changes in moisture convergence due to transient eddies and the occurrence of the maximum anomaly in the afternoon. Drying over the northern Great Plains persists throughout August and September when the deficit in soil moisture and strong land-atmosphere feedbacks become important.
